Inadequate oral hygiene leads to dental plaque accumulation around the gingival margin, resulting in inflammation of the gingiva. The environmental changes which occur as a result drive the ecological changes in the oral microbiota at this site, such as the ascendancy of Actinomyces spp. and gram-negative rods at the expense of Streptococcus spp. (19, 20, 26, 31) . With the advance of molecular techniques such as cloning and sequencing of the bacterial 16S rRNA gene, a greater proportion of species present in the oral cavity than the proportion that can be detected by traditional culture techniques has been detected, and the number of bacterial species present in the dental plaque is now estimated to be upwards of 630 (8) . Quantitative PCR (QPCR) has the potential to account for the uncultivable portion of the oral microbial community as well as species which are more difficult to culture, such as Porphyromonas gingivalis (14, 22) , Aggregatibacter actinomycetemcomitans (formerly Actinobacillus actinomycetemcomitans) (3) , and oral treponemes (2) .
Using the constant-depth film fermentor (CDFF) model for oral biofilms, we have previously demonstrated reproducible population shifts in the microbial community associated with gingivitis by altering the environmental conditions (4) . The aim of this study was to identify the range of cultivable species present in this in vitro system and to monitor changes in specific species and genera as a response to changing environmental conditions by QPCR.
Dental plaque biofilms associated with health and gingivitis were produced in the CDFF, removed aseptically at various time points, and analyzed by selective cultural analysis by using methods described previously (4) . Total anaerobic counts were obtained on fastidious anaerobe agar (FAA; Bioconnections, Leeds, United Kingdom), Actinomyces spp. were selected for on cadmium fluoride acriflavine tellurite plates (CFAT) (32) , Streptococcus spp. were selected for on mitis-salivarius agar (MS; BD Biosciences, Oxford, United Kingdom), and gramnegative species were selected for on Columbia blood agar with a supplement for gram-negative organisms (GN; Oxoid).
The identification of cultivable species was carried out by comparative 16S rRNA gene sequencing. At various sampling time points, all the different colony morphotypes were subcultured on selective media (MS, CFAT, and GN) and 15 random isolates were subcultured from the nonselective media (FAA and Columbia blood agar) for identification. The primers used for 16S rRNA PCR are described in Table 1 and were used under the conditions described previously (23) to amplify and partially sequence the 16S rRNA region. The sequences generated (up to 500 bases) were checked by using the CHROMAS program (version 1.43) and were then compared with the 16S rRNA gene sequences deposited in the database of the National Center for Biotechnology Information (1) by use of the BLAST program to find sequences with the closest match.
The specificities of the QPCR primers were tested by using To obtain CFU counts for these bacteria to produce standard curves for the QPCR, cultures were grown in brain heart infusion broth (Oxoid) at 37°C under anaerobic conditions for 3 to 4 days. DNA was extracted from biofilms obtained at selected time points from 500 l of bacterial culture by using the Puregene DNA isolation kit for yeast and gram-positive bacteria (Gentra Systems, Minneapolis, MN), according to the manufacturer's instructions.
The primers used for this study are listed in Table 1 . The primers were all checked for their specificities against the panel of oral species listed and were found to be specific for their intended targets. Extracted DNA corresponding to known numbers of bacterial cells was serial diluted and used to create standard curves (six 10-fold dilutions were used). For the universal primers, serial dilutions of a number of different species were used (due to the different gene copy numbers in different species). QPCR was performed with an ABI PRISM 7300 sequence detection system (PE Applied Biosystems). The reaction mixture (25 l) contained 2ϫ POWER SYBR green universal PCR master mixture (PE Applied Biosystems), 20 pmol of forward and reverse primers (Sigma-Genosys), and 2.5 l of extracted DNA. The thermocycling program was 40 cycles of 95°C for 15 s and 60°C for 1 min, with an initial cycle of 95°C for 10 min. All amplifications and detections were carried out in a MicroAmp optical 96-well reaction plate with optical caps (PE Applied Biosystems). At each cycle, the accumulation of PCR products was detected by monitoring the increase in fluorescence of the reporter dye, double-stranded DNA-binding SYBR green. After the PCR, a dissociation curve (melting curve) was constructed in the range of 60°C to 95°C. All data were analyzed by using ABI PRISM 7300 SDS software.
By identifying the cultivable flora by 16S rRNA gene sequencing, it was observed that a greater number of species from a wider range of genera were identified after changing the environmental conditions to emulate the conditions that occur during gingivitis (Table 2) . A total of 16 taxa (3 from saliva, 2 from conditions emulating health, and 12 under conditions emulating gingivitis) were detected uniquely in only one of the sample types ( Table 2 ). The 16 taxa were identified under conditions emulating health, with streptococci representing ca.
44% of the taxa and Actinomyces spp. representing ca. 6% of the taxa. In contrast, under conditions emulating gingivitis, 29 taxa were identified, with streptococci representing ca. 28% of all species detected and Actinomyces spp. representing ca. 21% of all species detected. A. odontolyticus was the only Actinomyces spp. identified under conditions emulating health. In contrast, A. naeslundii, A. viscosus, Actinomyces suimastitidis, and Actinomyces turicensis were identified under conditions emulating gingivitis ( Table 2) .
The Streptococcus sp. estimates by QPCR were higher than those obtained on selective media (Table 3) . Under conditions emulating health, Streptococcus spp. represented ca. 32% of the total bacteria detected, while A. naeslundii accounted for only ca. 2% (Fig. 1) . In contrast, once the conditions were (Fig. 1) . Prevotella spp. represented ca. 4% of the total bacteria under conditions emulating health (Table 3) and then increased dramatically under conditions emulating gingivitis to account for ca. 49% (Table 3 ) of the total bacteria detected. Fusobacterium sp. levels remained stable and represented ca. 6% of the total bacteria under conditions emulating health and ca. 8% of the total bacteria under conditions emulating gingivitis (Fig. 1) . P. gingivalis was detected at very low levels from microcosm plaque samples (Table 3) , with the numbers increasing under conditions emulating gingivitis, but it still represented a very small portion (less than c0.1%) of the total bacteria detected. Microcosm plaques grown in the CDFF model have been characterized previously by direct amplification and cloning of 16S rRNA genes (23) . Only five species that were not detected by culture were detected by cloning, including Prevotella spp. and F. nucleatum, indicating that most species grown in this model could be detected by culture or that more species could not be detected due to the inherent biases of cloning techniques. Similarly, by using denaturing gradient gel electrophoresis to create genetic fingerprints of microcosm communities developed in the CDFF model (17) , it was shown that few dominant bands were present, which corresponds to a low diversity of species. Therefore, for this study, to characterize the changes in the communities associated with environmental conditions emulating health and gingivitis, a combination of culture and QPCR for specific species was chosen.
The most significant observation from this study is that the results of QPCR confirm the trends observed by culture in a previous study (4) , in that the number of Actinomyces spp. (A. naeslundii in particular) increased as the number of Streptococcus spp. decreased when the medium and atmospheric conditions were altered. While fewer Streptococcus species were identified by sequencing under conditions emulating gingivitis, S. anginosus and Streptococcus pneumoniae were both detected under these conditions but not under those emulating health. Interestingly, from experimental gingivitis studies, the presence of S. anginosus has been shown to have a positive correlation with gingivitis (18) . A greater richness of Actinomyces spp. was identified by 16S rRNA gene sequencing under conditions emulating gingivitis, including A. naeslundii and A. viscosus, which are associated with gingivitis (19, 20, 26, 31) . The increased species richness under conditions emulating gingivitis involved the emergence of species not typical of the oral cavity, such as Citrobacter spp., which have been isolated from other models of supragingival plaque (17) .
Prevotella spp. are more commonly isolated from dental plaque after the development of periodontal diseases (12, 30) . Serum is a constituent of gingival crevicular fluid (GCF) and has been shown to enhance the growth of Prevotella spp. and P. gingivalis (27) . Prevotella spp. accounted for a large portion of the microbial community after the induction of gingivitis con- by QPCR, using the same primers used in this study, significantly higher than the counts that they detected using selective culture techniques. Fusobacterium spp. did not really increase under conditions emulating gingivitis, even though these organisms are often linked to periodontal disease. This may be due to the presence of Fusobacterium spp. lacking the endopeptidase activity required to break down the large proteinaceous nutrients present in GCF. F. nucleatum possesses aminopeptidase activity (24) and can thus utilize protein-derived nutrients (e.g., amino acids and oligonucleotide peptides) by linking to proteolytic organisms such as P. gingivalis (9) . P. gingivalis was detected in the pooled saliva and the inoculum but did not form a significant part of the microcosm communities. The numbers did increase 10-fold under conditions emulating gingivitis but still represented a very small proportion of the community. Supragingival plaque communities associated with health do not usually contain high numbers of P. gingivalis (11) , which tend to be more significant members of the subgingival plaque community (28) . Over time, the total bacterial numbers remained in a pseudosteady state. Any fluxes in the populations appeared to be related to the proportions of species rather than the total bacterial numbers. The mean estimates of the total bacterial counts calculated by QPCR with universal primers was 6. ) CFU per biofilm, which represented, on average, only 20% of the microbial population estimated by QPCR. This may be due to the detection of uncultivable species by QPCR (21) and possibly due to the fact that cells were in a viable but nonculturable state (13) or the clumping of the bacteria into aggregates which are difficult to disrupt. Additionally, within the nutrient-limited biofilm environment, organisms with slower growth rates may have an advantage over faster-growing organisms, such as increased resistance to antibiotics (5) . Previous studies that used QPCR to quantify total bacterial numbers in plaque samples have also observed total bacterial counts that were significantly lower by culture than by QPCR (16, 21) . When the total bacteria are quantified by using universal primers based on the 16S rRNA gene, the total rRNA present in the sample is being quantified (7) . The rRNA copy number is not uniform for all bacteria and varies between 1 and 15 copies per cell for different species (6, 7, 21) , and it is therefore possible that this could account for some of the shortfall between the total estimates obtained by culture and those obtained by QPCR. An attempt to minimize this was made by using DNA extracted from a variety of oral species to create the standard curves for the calculation of total bacterial numbers.
The ultimate aim of the use of this in vitro model for the dental plaque associated with gingivitis is to test antimicrobial agents for their efficacies against the buildup of supragingival plaque. The use of QPCR to assess the species and genus numbers in these populations would allow the effects of these agents on particular organisms to be assessed more accurately than they can be by cultural analysis.
